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A fungicide resistance model (reported and tested previously) was amended to describe the development of resistance in Mycosphaerella graminicola populations in winter wheat (Triticum aestivum) crops in two sets of fields, connected by spore dispersal. The model was used to evaluate the usefulness of concurrent, alternating, or mixture use of two highresistance-risk fungicides as resistance management strategies. We determined the effect on the usefulness of each strategy of (i) fitness costs of resistance, (ii) partial resistance to fungicides, (iii) differences in the doseresponse curves and decay rates between fungicides, and (iv) different frequencies of the double-resistant strain at the start of a treatment strategy. Parameter values for the quinine outside inhibitor pyraclostrobin were used to represent two fungicides with differing modes of action. The effectiveness of each strategy was quantified as the maximum number of growing seasons that disease was effectively controlled in both sets of fields. For all scenarios, the maximum effective lives achieved by the use of the strategies were in the order mixtures ≥ alternation ≥ concurrent use. Mixtures were of particular benefit where the pathogen strain resistant to both modes of action incurred a fitness penalty or was present at a low initial frequency.
Resistance management strategies aim to delay the evolution and spread of resistant pathogen strains while using fungicide treatments which provide effective disease control. Possible strategies include (i) choice of dose, (ii) constraints on the maximum number of applications per season, (iii) spatial or temporal heterogeneity in the use of fungicides, (iv) mixing of fungicides with different modes of action (MOA), and (v) alternation of fungicides with different MOA (1, 5, 34, 42) .
Mixing multi-site-acting and single-site-acting fungicides has been used as a resistance management strategy, because it reduces the selection pressure on the pathogen to evolve resistance to the single-site active substance, which is at higher risk of fungicide resistance development (16) . However, there are relatively few multi-site fungicides available. This leads to the question of whether strategies for the application of two single-site-acting fungicides (hereafter referred to as high-risk fungicides) may reduce selection for resistance to one or both fungicides. The possible options for the deployment of two or more fungicides of differing MOA are (i) to mix them (as formulated or tank mixtures); (ii) to alternate their application in the spray program; or (iii) if mixtures or alternations are not used, then a single MOA will be applied to each field but different fields will receive different MOA concurrently.
Although there is considerable experimental literature which determines the effect of mixtures of two high-risk fungicides on the selection for resistance, with a few exceptions (4, 22, 45) the development of resistance was only tracked to one of the highrisk fungicides in the mixture (3, 4, (8) (9) (10) (11) 14, 17, 18, 26, 28, 30, 38, 40) . Experimental literature that compares the development of resistance between mixture and alternating use of two high-risk fungicides is scarce (17, 30) and resistance development was again only tracked to one high-risk fungicide. To our knowledge, there is no literature on the effect of concurrent use of two high-risk fungicides on the development of resistance. There are a number of modeling studies that determine the usefulness of fungicide mixtures as a resistance management strategy but, in most cases, the mixture partner was a multi-site fungicide (16, (19) (20) (21) 24, 27, 32, 37) . One modeling study compared the effects of mixture and sequential use of two high-risk fungicides on the development of resistance (33) . Another modeling study compared the effects of mixture and concurrent use of two high-risk fungicides on the development of resistance (2) . To our knowledge, there is no modeling study which compares the effect of mixing, alternation, and concurrent use of two high-risk fungicides on the development of resistance. Therefore, the relative usefulness of these resistance management strategies cannot be determined from the current literature.
Hobbelen et al. (15) derived a generic model to describe the development of fungicide resistance in foliar pathogen populations of cereal crops. This model differs from previous fungicide resistance models (2, 33) because it describes the seasonal development of the canopy of a crop, which is important for a number of reasons. First, this makes it possible to account for competition for healthy leaf area on the growth of pathogen strains, which is relevant because the development of fungicide resistance may differ between models that assume density-independent or density-dependent growth of pathogen strains (41) . Second, accounting for seasonality makes it possible to determine the green canopy area duration, which is an indicator of yield (43) . This allows the use of a criterion for the usefulness of resistance management strategies, which is relevant to commercial practice: the number of growing seasons during which a treatment strategy provides effective disease control. Third, accounting for seasonality makes it possible to test the model by comparing predictions against independent field data on the frequency of resistance at certain times during a growing season. Hobbelen et al. (15) successfully tested the model by comparing model predictions against independent data for the selection of quinone outside inhibitor (QoI)-resistant strains in powdery mildew (Blumeria graminis f. sp. hordeii) on spring barley (Hordeum vulgare) in response to fungicide applications (15) .
This article uses this tested model to compare concurrent, alternating, and mixture use of two high-risk fungicides as a resistance management strategy. We explore whether the effectiveness of each strategy is affected by (i) fitness costs of resistance, (ii) partial resistance to fungicides (where a fungicide can still provide some efficacy against an insensitive strain when applied at or below the maximum permitted dose), (iii) differences in the doseresponse curves and decay rates between fungicides, and (iv) the relative frequency of resistant strains when a treatment strategy is implemented. As a model system, we used Mycosphaerella graminicola (causal organism of Septoria leaf blotch), an economically important disease in wheat-growing areas around the world (36) , on winter wheat (Triticum aestivum).
MATERIALS AND METHODS
Model structure. We adapted the model of Hobbelen et al. (15) to describe selection for resistance in M. graminicola on winter wheat in two sets of fields that may receive different treatments. The two sets of fields are connected through the dispersal of ascospores at the end of growing seasons (13, 35) . The spatial distribution of the two sets of fields over the landscape is not specified but it is assumed that both occupy equally large areas and that ascospores from both populations mix completely before depositing on plants as inoculum for the next growing season. The part of the model that describes selection for fungicide resistance within each growing season has the same structure for both sets of fields ( Fig. 1 ). In the following equations, superscript i indicates the set of fields with i ∈ {1,2}.
Canopy dynamics. The model describes the seasonal growth and senescence of the winter wheat canopy in order to account for the effect of availability of host tissue on the growth of the pathogen population. The model describes the growth of the combined area of leaves 1 to 3 (counting down the mature culm, with leaf 1 being the flag leaf), because these leaves are primarily responsible for yield formation (29) and intercept most of the sprayed fungicides. Leaf area is expressed as leaf area per ground area. Hereafter, we use "upper leaves" to refer to the combined area of leaves 1 to 3 and "density" to refer to leaf area per ground area.
The total leaf area (A i ), which is the sum of healthy, infected, and dead or senesced leaf tissue, grows according to the monomolecular equation (39) 
and reaches its maximum density (A max ) at growth stage (GS) 39 on the Zadoks' scale (44) . The growth of the total leaf area of winter wheat is not affected by foliar disease within the range of severities that is realistic in agronomic practice (12) .
In the absence of disease, the density of healthy leaf area (H i ) increases until the flag leaf is completely emerged (GS 39), after which it remains constant until senescence starts (GS 61) and subsequently decreases until senescence is complete (GS 87). The density of healthy leaf area in the absence of disease is thus described by 
Structure of the simulation model which describes the growth of the canopy of winter wheat and the growth of the sensitive and resistant pathogen strains on the canopy during a growing season. This structure is the same for set of fields 1 and set of fields 2. The pathogen populations in both sets of fields are connected by spore dispersal between growing seasons. A and B denote two high-risk fungicides with a different mode of action, which are assumed to reduce the infection efficiency and increase the length of the latent stage of sensitive or partially resistant pathogen strains. Strain S represents the sensitive pathogen strain, strain rAsB represents the strain (partially) resistant to A and sensitive to B, strain sArB represents the strain sensitive to A and (partially) resistant to B, and strain rArB represents the strain which is (partially) resistant to both fungicides A and B. Although not shown, the area occupied by latent lesions of all pathogen strains decreases due to senescence and the area occupied by infectious lesions of all pathogen strains decreases due to reaching the end of the infectious period.
The senescence rate increases exponentially from approximately 0 (<10 -7 ) at GS 61 (t GS61 ) to a maximum value of 0.1 at GS 87. This reduces the healthy leaf area at GS 87 (t GS87 ) to <1% of the maximum leaf area (A max ), which approximates complete senescence.
The pathogen strains. Referring to the two high-risk fungicides of differing MOA as A and B, the pathogen population consists of a strain that is sensitive to A and B, a strain that is resistant to A and sensitive to B, a strain that is sensitive to A and resistant to B, and a strain that is resistant to both A and B. In equations, these strains are indicated by the subscripts s, A, B, and AB, respectively. The life cycle of each M. graminicola strain is divided into a latent stage (L i ) and an infectious stage (I i ). Infected leaf area remains green during the latent stage but dies at the start of the infectious stage, when M. graminicola causes necrotic lesions. The duration of the latent period is 1/δ and the duration of the infectious period is 1/µ.
The development of an epidemic. At the start of the emergence of leaf 3, the healthy leaf area is infected by spores from lower leaves. The density of infectious lesions on lower leaves (F i ) and, therefore, the spore production rate is assumed to decrease according to the equation
in which F 0 is the initial density of infectious lesions on lower leaves at the start of the emergence of leaf 3 and λ represents the loss rate of infectious lesions on lower leaves due to reaching the end of their infectious period.
We assume that a fraction θ A of the infectious lesions on lower leaves consists of the strain resistant to A only, a fraction θ B consists of the strain resistant to B only, and a fraction θ AB consists of the strain resistant to both A and B. At the start of a treatment strategy, initial values are assigned to these fractions. Hereafter, we refer to these values as the "initial frequency" of a strain.
The fractions θ A , θ B , and θ AB are constant within a growing season, because we assume that most of the sprayed fungicides are intercepted by the upper leaves. The values of these fractions change between growing seasons, however, as a result of selection for resistance, as explained hereafter.
The rate at which an infectious lesion generates new infections, the transmission rate, is determined by the product of (i) the sporulation rate of an infectious lesion; (ii) the probability that spores land on the upper leaves; (iii) the probability that a spore lands on healthy area of leaf tissue, given that it lands on the upper leaves; and (iv) the infection efficiency of spores. Points i, ii, and iv are combined in the compound parameter ρ. We account for point iii by multiplying parameter ρ by the fraction of the total area of leaves that consists of healthy leaf tissue, H i /A i . This makes the growth of the sensitive and resistant strain dependent on the availability of healthy host tissue. Hereafter, we refer to parameter ρ as the transmission rate.
The epidemic model. These assumptions lead to the following equations describing the density of the healthy leaf area in the presence of disease and the densities of latent and infectious leaf areas of the sensitive and three resistant strains within a set of fields:
The dynamics of the pathogen strains between growing seasons. We calculated the resistant fractions of the pathogen population on lower leaves (θ A , θ B , and θ AB ) by assuming that (i) ascospores from both sets of fields, which are produced at the end of growing seasons, completely mix before depositing on plants as inoculum for the next growing season; and (ii) both sets of fields have an equal size. The frequency of a strain in the fungal population at the start of a growing season (in both sets of fields) was calculated as a function of the densities of infectious leaf area at the end of the previous growing season (t GS87 ):
where the superscript indicates the set of fields and the subscript indicates the type of strain. Parameter ϑ represents the ratio of the area occupied by set of fields 1 and the area occupied by set of fields 2.
The impact of fitness costs of resistance to fungicides on the pathogen. We assumed that fitness costs of resistance affect the density of strains by decreasing their infection efficiencies (included in ρ) according to the following functions:
In these equations, ρ is the transmission rate of the sensitive strain in the absence of fungicides and ρ A , ρ B , and ρ AB are the trans- mission rates of the resistant strains in the absence of fungicides.
Parameter ω single is the fraction by which the transmission rate of strains resistant to only one fungicide (A or B) was reduced.
Parameter ω double is the fraction by which the transmission rate of the double-resistant strain was reduced. If fitness costs were assumed to be present for both single-and double-resistant strains, the reduction of the infection efficiency of the single-resistant strains could be derived from the reduction of the infection efficiency of the double-resistant strain according to the function:
The impact of fungicides on the pathogen. We assumed that fungicide treatments affect the density of the pathogen strains by decreasing the infection efficiency (included in ρ) and increasing the length of the latent period (1/δ ). This was based on the highrisk fungicides A and B representing systemic fungicides with both protectant and eradicant activity (e.g., QoI fungicides) (25) .
Parameter ρ of the different strains depends on the doses of fungicides A and B, as described by the functions below:
The lengths of the latent stage of the different strains depend on the doses of fungicides A and B as described by the functions below:
In these equations, the reductions of infection efficiency (included in ρ) and the development rate of the latent stage (δ ) by fungicides A and B depend on the sensitivity of a fungal strain to these fungicides. The terms α i A,s (C i A ) and α i A,r (C i A ) represent the reduction of these parameters for strains that are completely sensitive or partially resistant to fungicide A, respectively, when fungicide B is absent or not effective due to resistance. The terms α i
and α i B,r (C i B ) represent the reduction of these parameters for strains that are completely sensitive or partially resistant to fungicide B, respectively, when fungicide A is absent or not effective due to resistance. When strains are completely resistant to fungicide A, the term α i A,r (C i A ) equals zero. Similarly, when strains are completely resistant to fungicide B, the term α i B,r (C i B ) equals zero. We assumed that fungicides A and B act independently and, therefore, we multiplied the proportional effect of both fungicides on the life-cycle parameters of the fungal strains (23) when both were present in the same leaf tissue at the same time. 
In these equations, parameters α A,max,s and α B,max,s represent the maximum reduction of the target parameters for fungicide A and B, respectively. Parameters β A,s and β B,s determine the curvature of the dose-response curves.
We accounted for the reduced impact of fungicides on partially resistant strains by decreasing either the maximum reduction of target parameters by fungicides or the curvature of the doseresponse curves for sensitive strains (Fig. 2) . The fractions by which the life-cycle parameters of partially resistant strains are reduced, α i A,r (C i A ) and α i B,r (C i B ), depend on the fungicide doses according to the functions:
In these equations, parameters α A,max,r and α B,max,r represent the maximum reduction of the target parameters by fungicides A and B, respectively, for partially resistant strains. Parameters = β A,r and β B,r determine the curvature of the dose-response curves for partially resistant strains. When α A,max,r = 0 or β A,r = 0, the reduction of the target parameters by fungicide A (α i A,r (C i A )) is zero and resistance to fungicide A is complete. When α B,max,r = 0 or β B,r = 0, the reduction of the target parameters by fungicide B (α i B,r (C i B )) is zero and resistance to fungicide B is complete. The decay of fungicides. The decay of the concentrations of fungicide A (C i A ) and B (C i B ) (or any active metabolites) was a Parameter values that may differ between treatment areas have a superscript i, which indicates the treatment area (i = 1 or 2). Pathogen strains were resistant or sensitive to fungicides A and B. b Parameter values were taken from Hobbelen et al. (16) . c Symbols: -represents dimensionless, t represents degree-days, area = leaf area per ground area. d Lower leaves are leaves that emerged before leaf 3, when counting down from the flag leaf (leaf 1). e A compound parameter. Described in text. f Frequency of the double-resistant strain at the start of a treatment strategy was varied from 10 -15 to 10 -5 (described in text). g See Table 2 . h Dose-response curve and decay rate parameters. i The half-life time in degree-days corresponds to 4.1 days when assuming an average temperature of 15.2°C during the simulated part of the growing season (15). modeled as
with decay rates ν A and ν B for fungicides A and B, respectively. The decay rates can be calculated from the half-life time of fungicides A (t A ) and B (t B ) as
A degree-day scale, with a base temperature of 0°C, was used to incorporate effects of temperature on the growth of the host and the pathogen.
Parameter estimation. The values, dimensions, and definitions of model parameters are summarized in Table 1 . The fungicide resistance model that we built upon in this article (15) was parameterized for M. graminicola on winter wheat by Hobbelen et al. (16) . The notation and values of the model parameters that describe the growth and senescence of the winter wheat canopy and the life-cycle parameters of the sensitive and resistant M. graminicola strains were taken from that article. The dose-response curve and decay rate of high-risk fungicide A was estimated from data on the efficacy of the high-risk QoI fungicide pyraclostrobin, as described by Hobbelen et al. (16) . The values of parameters that determine the fitness costs of resistance (ω single and ω double ), the level of resistance to a fungicide (α A,max,r , β A,r , α B,max,r , and β B,r ), and the efficacy of fungicide B for the sensitive strain (β A,s and ν B ) differ between the simulated scenarios, which are described below in the Simulations section. The values of these parameters for each scenario are given in Table 2 .
Criterion for the usefulness of a resistance management strategy. The usefulness of a resistance management strategy was 
a Definitions and dimensions of the parameter values are shown in Table 1 . b In the model, the half-life time is converted to a degree-day scale by multiplication with 15.2 (15) and subsequently converted to a decay rate using equation 37. c All parameter values are shown for the default scenario, in which (i) the fungicides have identical parameters (but independent mode of action), (ii) there are no fitness costs of resistance, and (iii) resistance to fungicides is complete. For the other scenarios, parameter values are not shown if they are the same as in the default scenario (indicated by -). d Fungicides have different parameter values, with the same or different efficacy. e Fitness costs of resistance for the single-resistant (SR) and double-resistant (DR) strains and for the DR strain only. f Complete resistance to fungicide A, partial resistance to fungicide B. Asymptote method: the first column gives the maximum reduction of the life-cycle parameters of partially resistant strains by fungicides. Curvature method: the first column gives the curvature parameter of the dose-response curves of the partially resistant strains. g Partial resistance to both fungicides A and B.
quantified as the number of years that a strategy can provide "effective" disease control in both sets of fields. Hereafter, we refer to this period as the "effective life" of a resistance management strategy. Disease control was considered to be effective when the disease-induced loss of the healthy area duration (HAD) during the yield forming period was ≤5%. Waggoner and Berger (43) defined healthy area as the green leaf area available for photosynthesis, which also includes latent leaf area in the case of M. graminicola. We calculated the HAD as the sum of the areas under the density of the healthy and latent leaf area curves from anthesis (GS 61) to the end of grain filling (GS 87). The effect of disease on the yield of winter wheat is approximately proportional to the HAD over this period (6, 43) . In order to calculate the effect of disease on HAD on a time scale of days, we calculated the number of accumulated degree-days from GS 61 to GS 87 using data on the average pattern in daily temperatures in Cambridgeshire in the United Kingdom (where the cultivation of wheat dominates the arable land area) during the years 1984 to 2003 (Met Office, United Kingdom).
Selection ratio. To quantify differences in selection between resistance management strategies, we determined the selection pressure that a strategy exerts on the resistant strains by calculating selection ratios (SRs) (15) according to the equation SR = f start season i + 1 /f start season i (38) in which f start season i and f start season i + 1 stand for the frequency of the resistant strain in the pathogen population at the start of season i and season i + 1, respectively. Because we assume that spores from both sets of fields mix at the start of a growing season, the SR is the same for both sets of fields. Thus, the SR is the factor by which the frequency of the resistant strain is multiplied over one growing season in both sets of fields. Simulations. We compared the usefulness of five strategies for the application of two high-risk fungicides: concurrent use, mixture use, and three different sequences of alternation. The spray programs in the two sets of fields that correspond to each strategy are shown in Table 3 . All simulated spray programs consisted of two sprays per season. The first and second spray were applied at the full emergence of leaf 3 (approximately GS 32) and leaf 1 (GS 39), respectively.
The maximum effective life of a resistance management strategy. The doses of fungicide A or B that were applied per spray time were varied from 0 to 100% of the maximum permitted dose per application, with intervals of 10% (11 possible dose rates per fungicide). The effective life of a strategy was determined for all 11 × 11 = 121 possible combinations of dose rates of fungicide A and B. The dose rates of fungicides were kept constant during the effective life.
The severity of a M. graminicola epidemic in the absence of fungicides was assumed to be the same in each growing season. In reality, a number of consecutive years with epidemics similar to the average are likely to be followed by a year with a severe epidemic. In the absence of reliable disease forecasts, growers tend to apply fungicide doses high enough to control a severe epidemic in every growing season in order to be risk averse. To account for this, we determined the effective life of a strategy for each combination of dose rates of fungicide A and B in two ways: first, assuming an average epidemic in the absence of fungicides in all growing seasons; and, second, assuming a severe epidemic in the absence of fungicides in all growing seasons. The maximum effective life of a resistance management strategy was then defined as the highest effective life obtained by using dose rates of fungicide A and B that were able to control a severe epidemic, when the epidemic in the absence of fungicides is average in each growing season.
The average epidemic in the model in the absence of fungicides is representative of an average M. graminicola epidemic in the United Kingdom (16) . To simulate a severe epidemic, we multiplied the transmission rate of all strains by a factor of 1.2. In the absence of fungicides, this resulted in a maximum percentage of infectious leaf area of 30% and a HAD-loss of 41% compared with 23 and 28% for an average epidemic, respectively.
The default scenario. We first determined the maximum effective life of the resistance management strategies for the simplest case, where (i) fungicides A and B have the same dose-response curve and decay rate, (ii) fitness costs of resistance are absent, and (iii) resistance to fungicides is complete. All other scenarios below are derived from this default scenario by introducing differences between fungicide A and B, introducing fitness costs of resistance, or changing the level of resistance to fungicides ( Table  2) .
The effect of differences between fungicide A and B on the maximum effective life of strategies. We determined the effect of differences in the dose-response curves and decay rates between fungicides A and B on the maximum effective life of the resistance management strategies for two scenarios. In the first scenario, the dose-response curve and half-life time of fungicide B were varied such that the efficacies of fungicide A and B remained similar. The efficacy of a fungicide was defined as the percent loss of HAD caused by an average epidemic of a completely sensitive population of M. graminicola treated with the maximum permitted dose rate of a fungicide. In the second scenario, the half-life time of fungicide B was varied to change the efficacy of fungicide B compared with fungicide A.
The effect of fitness costs of resistance on the maximum effective life of strategies. We determined the effect of fitness costs of resistance on the maximum effective life of strategies for two scenarios. In the first scenario, only the fitness of the double-resistant strain was reduced (ω single = 0, ω double > 0). In the second scenario, the fitness of all resistant strains was reduced (ω single > 0,
The effect of the level of resistance to fungicides on the maximum effective life of strategies. We determined the effect of the level of resistance to fungicides on the maximum effective life for two scenarios. In the first scenario, the level of partial resistance to fungicide B was varied but resistance to fungicide A was complete. In the second scenario, the level of partial resistance to both fungicides was varied equally for both fungicides. For each scenario, we determined the maximum effective lives of the resistance management strategies for two methods of modeling partial resistance (Fig. 2) . In the first method, a dose-response curve of a partially resistant strain (equations 32 and 33) was derived from a corresponding dose-response curve of the sensitive strain (equations 30 and 31) by decreasing the asymptote of the dose-response curve of the sensitive strain (α A,max,s and α B,max,s were reduced to α A,max,r and α B,max,r , respectively). In the second method, a dose-response curve of a partially resistant strain was derived from the corresponding dose-response curve of the sensitive strain by decreasing the curvature of the dose-response curve of the sensitive strain (β A,max,s and β B,max,s were reduced to β A,max,r and β B,max,r , respectively).
The effect of the initial frequency of resistant strains on the maximum effective life of strategies. At the start of a treatment strategy, the frequency of the double-resistant strain (θ AB ) relative to the frequency of the single-resistant strains (θ A and θ B ) may vary. The effect of variation in the initial frequencies of the single-and double-resistant strains relative to each other on the maximum effective life for all the scenarios described above was determined for initial frequencies of the double-resistant strain, amounting to 10 -15 , 10 -10 , and 10 -5 . In all cases, the initial frequency of both single-resistant strains was 10 -5 .
RESULTS
Within a growing season, concurrent use selected for a singleresistant strain in one set of fields and slightly reduced the frequency of that strain in the other set of fields (Fig. 3) . Mixing of spores between seasons equilibrated the strains across the fields prior to the start of each season. Concurrent use selected for the double-resistant strain in both sets of fields (Fig. 3) . The mixing of spores in between seasons increased or decreased the frequency of the double-resistant strain in the set of fields with the lowest or highest selection pressure for resistance, respectively.
The mixture strategy and all alternation strategies selected for the two single-resistant strains and the double-resistant strain in both sets of fields, because fungicides A and B were applied in each set of fields. For mixture use and alternation strategies AB-AB and BA-BA, mixing of spores in between growing seasons did not affect the development of resistance, because the spray programs were the same in both sets of fields. For alternation strategy AB-BA, the set of fields with the highest selection pressure for a resistant strain depended on the fungicide doses, the dose-response curve, and decay rate of the fungicides.
The effective lives of the resistance management strategies for all combinations of the doses of fungicides A and B are shown in Table 4 for the default scenario, with an initial frequency of the double-resistant strain of 10 -10 . For this scenario, the maximum effective lives of the mixture and alternation strategies were the same and higher, respectively, than the maximum effective life of the concurrent use strategy. When the initial frequency of the double-resistant strain was reduced from 10 -10 to 10 -15 , the maximum effective life of both the mixture and the alternation strategy increased, while the maximum effective life of the concurrent use strategy did not change (Fig. 4) . The maximum effective life of the mixture strategy increased most and became higher than the maximum effective life of the alternation strategy. When the initial frequency of the double-resistant strain was increased from 10 -10 to 10 -5 , the maximum effective life of all resistance management strategies decreased and became similar (Fig. 4) . As the relative performance of the strategies varied with the initial frequency for all scenarios considered below, we determined maximum effective lives for initial frequencies of the double-resistant strain of 10 -5 , 10 -10 , and 10 -15 .
The effect of differences in the dose-response curve and decay rates between the two fungicides. Decreasing the decay rate and curvature parameter of the dose-response curve of fungicide B, such that the efficacies of fungicides A and B remained the same, did not change the maximum effective life of resistance manage- TABLE 4 . Effective life of the concurrent, alternation and mixture use strategies (Table 3) Effective lives of these strategies are shown for the default scenario, which assumes that (i) fitness costs of resistance are absent, (ii) resistance to fungicides is complete, and (iii) the dose-response curves and decay rates of fungicides A and B are the same. The frequency of the double-resistant strain at the start of a treatment strategy was 10 -10 . c Fungicide doses that are high enough to control a severe epidemic of M. graminicola. Effective disease control was defined as a disease-induced loss of healthy leaf area duration during the yield-forming period ≤5%. d The table shows the effective lives for alternation strategy AB-AB (Table 3 ). For the default scenario, the maximum effective life was the same for all alternation strategies. e For similar dose rates of fungicides A and B per spray, using the mixture strategy results in total applied doses of fungicides A and B per growing season, which are twice as high as when using the alternation strategy (each fungicide is applied twice per growing season when using the mixture strategy but once when using the alternation strategy). For concurrent use, the total applied dose of a fungicide per growing season differs between the two sets of fields, because each fungicide is applied in only one set of fields. When the dose rates of fungicides A and B per spray are similar for the concurrent use and alternation strategies, these strategies result in the same total applied doses of fungicides A and B per growing season when averaged across both sets of fields. ment strategies, except for a one-year decrease in the maximum effective life of the mixture strategy and alternation strategy AB-AB at an initial frequency of the double-resistant strain of 10 -15 . Increasing the efficacy of fungicide B relative to fungicide A did not affect the maximum effective life of strategies for initial frequencies of the double-resistant strain of 10 -10 and 10 -5 . For an initial frequency of 10 -15 , the maximum effective life of the mixture strategy and alternation strategy AB-AB decreased with increasing efficacy of fungicide B by one year. Consequently, compared with the default scenario, the differences in the maximum effective lives between strategies were unaffected or only slightly changed by changing the dose-response curve and decay rate of fungicide B relative to fungicide A. In all cases, the maximum effective life of the mixture strategy was either higher than the maximum effective of the other strategies or was among the strategies with the highest maximum effective life. The effect of fitness costs of resistance. The maximum effective lives of the resistance management strategies stayed the same or increased with increasing fitness costs of resistance. The impact of fitness costs of resistance differed between the first scenario (with fitness costs for all resistant strains) and the second scenario (with fitness costs for the double-resistant strain only). For the first scenario ( Fig. 5 ), the maximum effective lives of all strategies increased with increasing fitness costs of resistance for all initial frequencies of the double-resistant strain. For the second scenario ( Fig. 5 ), only the maximum effective life of the mixture strategy increased with increasing fitness costs of resistance for all initial frequencies of the double-resistant strain. For this scenario, the maximum effective lives of the alternation strategies only substantially increased with increasing fitness costs of resistance, when the initial frequency of the double-resistant strain was 10 -5 . The maximum effective life of the concurrent use strategy was unaffected or only slightly affected (≤1 year) by fitness costs of resistance for the second scenario. Hence, for all combinations of fitness costs of resistance and initial frequencies of the doubleresistant strain, the maximum effective life of the mixture strategy was equal to or higher than the maximum effective life of the other strategies. The difference in the maximum effective life between the mixture strategy and the other resistance management strategies was not affected or was increased with increasing fitness costs of resistance.
The effect of partial resistance to fungicides. Partial resistance was represented in the model by either changing the asymptote or the curvature parameter of the dose-response curve of the sensitive strain (Fig. 2) . For each method, we determined the maximum effective life of resistance management strategies for a scenario with complete resistance to fungicide A and partial resistance to fungicide B and for a scenario with partial resistance to both fungicides.
When modeling partial resistance by changing the asymptote or the curvature of the dose-response curve, in general, the maximum effective life of the resistance management strategies increased with decreasing level of resistance to fungicides for all initial frequencies of the double-resistant strain (Figs. 6 and 7) . The maximum effective life of the mixture strategy was most sensitive and the maximum effective life of the concurrent use strategy was least sensitive to changes in the level of partial resistance for all initial frequencies of the double-resistant strain and for both scenarios. When resistance to fungicide A was complete and resistance to fungicide B was partial, the maximum effective life of the concurrent use strategy was not affected by changes in the level of resistance for initial frequencies of the double-resistant strain of 10 -15 and 10 -10 . For all initial frequencies of the double-resistant strain, the increase in the maximum effective life of resistance management strategies was higher when resistance to both fungicides A and B was decreased instead of resistance to fungicide B only.
Thus, for all combinations of partial resistance and the initial frequency of the double-resistant strain, the maximum effective life of the mixture strategy was equal to or higher than the maximum effective life of the other strategies. The difference in the maximum effective life between the mixture strategy and the other resistance management strategies increased or was not affected by decreasing the degree of resistance.
The effect of dose. For most scenarios and initial frequencies of the double-resistant strain, the effective life of resistance management strategies was maximized by applying fungicide doses that were just sufficient to provide effective control of a severe epidemic ( Table 5 ). Exceptions occurred for the mixture strategy when the resistance of pathogen strains to fungicides was partial instead of complete, especially when partial resistance was modeled by adjusting the curvature parameter of a dose-response curve of the sensitive strain. In this case, the lowest doses that maximized the effective life of the resistance management strategies could be substantially higher than lowest doses necessary for disease control.
For the concurrent use and alternation strategies, the differences between the minimum fungicide doses necessary for effective disease control and the label-recommended fungicide doses were small and the maximum effective life could, in a large number of cases, also be obtained by applying fungicides at the label dose. However, for the mixture strategy, the differences between the minimum fungicide doses necessary for effective disease control and the label-recommended fungicide doses were higher. This is because the maximum sum of the total applied doses of fungicides A and B per growing season was twice as high for the mixture strategy as for the concurrent use (when averaged over the two sets of fields) and alternation strategies ( Table 3 ). For the mixture strategy, the maximum effective life usually could not be obtained by applying fungicides A and B at the label dose rate for initial frequencies of the double-resistant strain of 10 -10 and 10 -15 . Exceptions occurred for the scenario with partial resistance to both fungicides, especially when partial resistance was modeled by adjusting the dose-response curvature parameter. However, for initial frequencies of the double-resistant strain of 10 -5 , the maximum effective life of the mixture strategy could often be reached by applying fungicides at the label dose rate, except for scenarios that accounted for fitness costs of resistance and for scenarios with complete resistance to one and partial resistance to the other fungicide. Fig. 4 . Maximum effective life for concurrent, alternating, and mixture use of two high-risk fungicides as a function of the frequency of the double-resistant strain at the start of the first growing season. Frequencies of both single-resistant strains at the start of the first growing season were 10 -5 . The maximum effective lives of the three alternation strategies (Table 3) were the same.
The combinations of the doses of fungicides A and B, which maximized the effective life achievable by a particular resistance management strategy, exerted an approximately equal selection pressure on both single-resistant strains ( Table 6; Supplemental  Tables 1 and 2) , except in the scenario where strains were completely resistant to fungicide A and partially resistant to fungicide B.
DISCUSSION
We compared the effective lives of two high-risk fungicides with different MOA applied as a mixture, alternately, or concurrently for (i) different levels of fitness costs of resistance, (ii) different levels of insensitivity, (iii) different combinations of high-risk fungicides, and (iv) different initial frequencies of the double-resistant strain. The results suggest that the mixture strategy is better than or equal to alternation strategies, which are better than or equal to concurrent use. The benefit to effective life from the mixture strategy increased with increasing fitness costs of resistance, decreasing levels of resistance, and a decreasing initial frequency of the double-resistant strain but was not affected by differences in the dose-response curves and decay rates between the two-high risk fungicides in the mixture.
The effective life from the mixture strategy may be higher than from the concurrent and alternate use strategy for the following reasons. First, in contrast to the alternation and concurrent use strategies, disease control by the mixture strategy is not affected by selection for the single-resistant strains, because a pathogen strain that carries resistance to only one MOA in the mixture would be controlled by the other fungicide in the mixture. Therefore, the effective life achieved from the mixture strategy is determined by the time that it takes the double-resistant strain to Fig. 5 . Maximum effective lives for concurrent, alternating, and mixture use of two fungicides as a function of the fitness costs of resistance for the doubleresistant strain, when the frequency of the double-resistant strain at the start of the first growing season amounts to A and B, 10 -15 ; C and D, 10 -10 ; and E and F, 10 -5 for scenarios with fitness costs for all resistant strains (A, C, and E) and with fitness costs for the double-resistant strain only (B, D, and F) . Frequencies of both single-resistant strains at the start of the first growing season were 10 -5 . The maximum effective lives of the three alternation strategies (Table 3) were the same. Arrows indicate the maximum effective life of resistance management strategies for the default scenario (see text). reach frequencies high enough to affect disease control. Second, for fungicide doses that resulted in the highest effective life, the selection pressure on the double-resistant strain was approximately similar for the different resistance management strategies but sometimes lower for the mixture strategy. Therefore, the effective life from the mixture strategy is higher than from the concurrent and alternate use strategies when the single-resistant strains affect disease control by the concurrent and alternate use strategy more quickly than the double-resistant strain. This is the case when the initial frequency of the double-resistant strain is sufficiently low relative to the initial frequency of the singleresistant strains, because the selection pressure on the doubleresistant strain is higher than on the single-resistant strains.
The results suggest that, for most scenarios, effective life can be maximized by applying fungicide doses that are just high enough to provide effective control. This is because the difference in fitness between a sensitive and a resistant strain (and, therefore, the selection for the resistant strain) increases when the dose of a fungicide increases. However, when partial resistance was modeled by adjusting the curvature of dose-response curves, the lowest fungicide doses that resulted in the maximum effective life were, in some cases, much higher than the fungicide doses necessary for sufficient disease control, especially for the mixture strategy. This may be explained by convergence of the dose-response curves of the sensitive and partially resistant strains at high fungicide doses. As a result of this convergence, the difference in fitness between the sensitive and resistant strain (and, therefore, the selection for the resistant strain) becomes smaller for higher fungicide doses. However, to the best of our knowledge, published data from experiments on the selection for resistance as a function of the Fig. 6 . Maximum effective lives for concurrent, alternating, and mixture use of two fungicides A and B as a function of the sensitivity of partially resistant pathogen strains to fungicides, when partial resistance is modeled by adjusting the asymptote of dose-response curves. Frequencies of the double-resistant strain were A and B, 10 -15 ; C and D, 10 -10 ; and E and F, 10 -5 for a scenario with complete resistance to fungicide A and partial resistance to fungicide B (A, C, and E) and for a scenario with partial resistance to both fungicides (B, D, and F). Frequencies of both single-resistant strains at the start of the first growing season were 10 -5 . The maximum effective lives of the three alternation strategies (Table 3) were the same. Arrows indicate the maximum effective life of resistance management strategies for the default scenario (see text). dose rate of fungicides show that the selection for resistance increases with the dose rate of fungicides (28) , suggesting that convergence of dose-response curves may be of limited practical relevance.
It is not practical to determine the maximum effective life of a resistance management strategy experimentally due to the required length of the experiments and due to the large number of combinations of the dose rates of the two high-risk fungicides for which the emergence time should be determined. However, the effects on selection reported from experiments can be compared against the effects reported here from modeling. Some evidence has been reported in the literature from experiments that followed the selection for resistance against two fungicides as a result of exposure to a mixture. One of the studies reported that mixture use selected for resistance to both fungicides in the mixture (22) . This is in agreement with our model predictions, which show that mixture use increases the frequency of all resistant strains in the pathogen population, because they have a higher fitness than the sensitive strain in the presence of fungicides. Brent et al. (4) reported that exposure to a mixture of fungicides did not significantly change the sensitivity of the pathogen population to these fungicides, whereas single use of fungicides did. Zhang et al. (45) did not study the selection for resistance by solo use of fungicides but also reported that, in the short term, exposure to a mixture of fungicides did not significantly change the sensitivity of the pathogen population to these fungicides. Both studies reported evidence for negative cross-resistance (a decrease in the sensitivity of the pathogen population to one fungicide was accompanied by an increase in the sensitivity to the other fungicide in the mixture), which may explain the absence of a significant shift in the sensitivity of the pathogen population in response to the mixture use of fungicides. In our model simulations, we did not account for negative cross-resistance.
Many experimental studies have compared the selection for resistance to a high-risk fungicide applied alone or applied in a mixture with a high-risk fungicide with a different MOA in a range of host-pathogen systems. Hereafter, we will denote the high-risk fungicide for which the development of resistance was determined as the "to-be-protected fungicide". The experiments described in these articles can be divided into two groups. In the first type of experiment, the dose rate of the to-be-protected fungicide is the same when applied alone and applied in a mixture (3, 4, 9, 11, 14, 18, 26, 28, 30, 40) . In the second type of experiment, the dose rate of the to-be-protected fungicide was lower in the mixture then when applied alone (7, 8, 10, 11, 17, 30, 38) . The first type of experiment was conducted for 14 pathogen-crop-fungicide mixture combinations. In 11 of these 14 cases, mixing reduced the selection for resistance to the to-be-protected fungicide (3, 4, 11, 14, 18, 28, 30) . For one pathogen-crop-fungicide mixture combination, mixing did delay the selection for resistance com- TABLE 5 . Ranges of fungicide doses for which the effective lives of concurrent (Con), alternating (Alt), and mixture (Mix) use of two high-risk fungicides were highest for frequencies of the double-resistant strain (θ AB ) at the start of a treatment strategy amounting to 10 -15 , 10 -10 , or 10 -5 for different scenarios for the efficacy of fungicides, fitness costs of resistance, and sensitivity of resistant strains a Initial value of θ AB = 10 -15 Initial value of θ AB = 10 -10 Initial value of θ AB = 10 -5 ( continued on next page) a Fungicide dose represents the sum of the doses of two high-risk fungicides, applied per growing season, when the doses of both fungicides are expressed as a fraction of the label recommended dose. For concurrent use, the fungicide dose was divided by two to account for the fact that each fungicide is applied in only one of the two sets of fields. Values in parentheses indicate the difference between the lowest fungicide dose, which results in the maximum effective life of a resistance management strategy, and the lowest dose for which this strategy provides sufficient control of a severe epidemic. This difference is not shown when both fungicide doses are the same. The maximum fungicide dose applied per growing season is two times the label dose for concurrent and alternating use (two sprays per growing season, one fungicide applied per spray time) and four times the label dose for mixtures (two sprays per growing season, two fungicides applied per spray time). b Combined ranges of fungicide doses for which the effective lives of the three evaluated alternation strategies were highest (Table 3) . c This is the most simple scenario, which assumes that there are no fitness costs of resistance, that resistance to fungicides is complete, and that the two high-risk fungicides have independent modes of actions but are otherwise identical, with a half-life of 4.1 days and curvature parameter of 9.6. Footnotes below explain how the other scenarios in the table differ from the default scenario. pared with single use in one experiment but not in another (26) . In only two cases did mixing not affect the selection for resistance compared with single use (9, 40) . Our modeling study suggests that the selection for resistance to one of the high-risk fungicides in the mixture decreases when this fungicide is applied at a constant dose rate and the dose rate of the other high-risk fungicide in the mixture is increased. This is in agreement with most of the experimental evidence (3, 4, 11, 14, 18, 28, 30) .
Scenario
The second type of experiment was conducted for nine pathogen-crop-fungicide mixture combinations. In six cases, mixing reduced the selection for resistance to the to-be-protected fungicide (8, 11, 17, 30) . For one pathogen-crop-fungicide mixture combination, mixing did delay the selection for resistance compared with single use in one experiment but not in another (7) . In two cases, mixing did not affect the selection for resistance compared with solo use (10, 38) . Our modeling study suggests that reducing the dose rate of one mixture component and increasing the dose rate of the other mixture component reduces the selection pressure on the first mixture component. Therefore, the model output is in agreement with the experimental evidence above for the majority of pathogen-crop-fungicide mixture combinations.
To the best of our knowledge, there are only two experimental articles which compare the development of resistance to a highrisk (to-be-protected) fungicide in a mixture or alternated with a high-risk fungicide with a different MOA for similar total applied fungicide doses. In one study, the development of resistance to the to-be-protected fungicide was lowest for the mixture strategy (30) . In the other study, mixtures decreased the development of resistance more than alternation for one combination of host, pathogen, and fungicides but the opposite was the case for another combination (17) . Our model predicted that a mixture of high-risk fungicides A and B selected less for resistance to fungicide A than alternation, except for a combination of a highdose rate of fungicide A and a low-dose rate of fungicide B or the scenario with fungicide B having efficiency similar to but doseresponse curve different from fungicide A. However, the number of experimental articles is too small to allow a meaningful comparison of the model predictions with the literature data. To our knowledge, there is no experimental literature on the selection for resistance by concurrent use of two fungicides.
In our modeling study, we assumed that resistance was present to both high-risk fungicides in a mixture. In most experiments above, the presence and development of resistance was only determined for one of the mixed or alternated fungicides. This raises the question of how comparable the results from our modeling study and from the experimental literature above are. It is unlikely that the selection for resistance to the to-be-protected fungicide is affected by the presence of other resistant strains through competition for healthy leaf area, unless they occur in sufficiently high frequencies in the pathogen population. If that is the case, competition for healthy leaf area between resistant strains is likely to reduce the selection for resistance to the to-be-protected fungicide. Therefore, the qualitative conclusion from most experiments that mixing reduces the selection for resistance to the to-beprotected fungicide compared with single use probably is not affected by the presence or absence of resistance to the mixture partner.
For a more rigorous test of the predictive power of the model, experiments could be conducted to test the mechanisms which explain the success of the mixture strategy. Our model suggests that the mixture strategy has an equal or higher effective life than concurrent and alternating use, because (i) it is able to control both single-resistant strains and (ii) concurrent use and alternation exert approximately the same selection pressure on the doubleresistant strain as the mixture strategy for similar total applied doses. The first point can be tested by conducting experiments in which the effect of selection for both single-and double-resistant strains on disease control is measured in response to concurrent, Fig. 7 . Maximum effective lives for concurrent alternating, and mixture use of two fungicides A and B as a function of the sensitivity of partially resistant pathogen strains to fungicides, when partial resistance is modeled by adjusting the curvature of dose-response curves. Frequencies of the double-resistant strain were A and B, 10 -15 ; C and D, 10 -10 ; and E and F, 10 -5 for a scenario with complete resistance to fungicide A and partial resistance to fungicide B (A, C, and E) and for a scenario with partial resistance to both fungicides (B, D, and F). Frequencies of both single-resistant strains at the start of the first growing season were 10 -5 . The maximum effective lives of the three alternation strategies (Table 3) were the same. Arrows indicate the maximum effective life of resistance management strategies for the default scenario (see text). alternating, and mixture use of two high-risk fungicides. In order to test the second point, the total applied fungicide doses in these experiments should be the same for all treatment strategies. Ideally, the frequency of the different resistant strains in the inoculum which is used to infect the hosts at the start of an experiment is the same for the different treatment strategies. In field experiments, the influx of spores from surrounding areas will make it more difficult to detect differences in the selection for resistance and disease control between treatment strategies. This would be less of a problem in glasshouse or laboratory experiments.
A number of modeling studies have been published which compare the selection for resistance by mixtures of two fungicides against the selection for resistance by sequential or separate use TABLE 6 . Selection ratios (see text) of resistant strains during the first growing season for fungicide doses which maximize the effective life of concurrent (Con), alternating (Alt), and mixture (Mix) use of two high-risk fungicides for different scenarios given that the initial frequencies of the single and double-resistant strains amount to 10 -5 and 10 -10 , respectively a sArB rAsB rArB a sArB: the strain sensitive to A and resistant to B; rAsB: the strain resistant to A and sensitive to B; rArB: the strain resistant to both fungicides A and B. b Selection ratios of the three alternation strategies (Table 3) were pooled. c This is the most simple scenario, which assumes that there are no fitness costs of resistance, that resistance to fungicides is complete, and that the two high-risk fungicides have independent modes of actions but are otherwise identical, with a half-life of 4.1 days and curvature parameter of 9.6. Footnotes below explain how the other scenarios in the table differ from the default scenario. d Fungicides have different parameter values, with the same or different efficacy. e The first column gives the value of the half-life time of fungicide B in days. The corresponding values of the curvature parameter (β B ) are 2.8, 1.88, 1.46, and 1.22, respectively. f The first column gives the value of the half-life time of fungicide B in days. g The first column gives the percent reduction of the infection efficiency of the double-resistant (DR) strain due to fitness costs of resistance. The corresponding reduction of the infection efficiencies of the single-resistant strains due to fitness costs of resistance were 2.5, 5, 7.5, 10, and 12.5%. h Complete resistance to fungicide A, partial resistance to fungicide B. Asymptote method: the first column gives the maximum reduction of the life-cycle parameters of partially resistant strains by fungicides. Curvature method: the first column gives the curvature parameter of the dose-response curves of the partially resistant strains. i Partial resistance to both fungicides A and B. of two fungicides. However, in most studies, one of the fungicides was a low-risk fungicide and the other one was a high-risk fungicide (16, 19, 20, 21, 24, 27, 32, 37) . Two modeling studies compared the selection for resistance by mixing two high-risk fungicides with the selection for resistance by sequential or concurrent use of two high-risk fungicides. Shaw (33) used mathematical modeling to compare the selection for resistance by sequential and mixture use of two high-risk fungicides. He concluded that mixture use will select equally or more strongly for the double-resistant strain compared against sequential use, and that any advantage of mixtures must depend on other mechanisms such as extreme rarity of the double-resistant strain. Birch and Shaw (2) derived algebraically that a fungicide is suitable for use in mixtures when it initially has the same impact on the sensitive and resistant pathogen strains until a certain dose rate is exceeded. In that case, mixtures of two high-risk fungicides may decrease the selection for resistance in comparison with concurrent use while obtaining the same level of disease control. Our study suggests that both these mechanisms may occur. The difference between the maximum effective life from the mixture strategy compared with the other resistance management strategies increased as the initial frequency of the double-resistant strain decreased. Given a sufficient level of disease control, the lowest selection pressure on the double-resistant strain was often similar for the different resistance management strategies but could be lower for the mixture strategy when resistance to fungicides was partial.
Although this study involved winter wheat infected by M. graminicola as the host-pathogen system, the development of the canopy of different cereal species proceeds through similar stages and the life cycle of most fungal foliar pathogens of cereal crops consists of similar developmental stages. Therefore, the basic model structure should be applicable to other cereal-fungal pathogen systems. In this study, treatment strategies consisted of two fungicide sprays per growing season. At least two treatments are used for the control of M. graminicola on winter wheat in the United Kingdom but the number of sprays per growing season may vary between growing areas depending on the disease pressure, host resistance, and expected gain in yield by the use of fungicides. We hypothesize that the number of sprays per growing season does not affect the ranking of treatment strategies based on their usefulness for resistance management because the mixture strategy will always have the advantage over other strategies, in that it can control both single-resistant strains. However, more simulations would be required to test this hypothesis.
The analysis presented here has been limited to simulations representing (i) a fungal pathogen that produces ascospores which disperse between sets of fields, to initiate epidemics in the following season; (ii) the evolution of resistance during the selection phase rather than the stochastic processes during the emergence phase (28) , when the densities of resistant strains are very low and strains may die out by random chance; (iii) substantial "step changes" in resistance, rather than a gradual shift in sensitivity, such as may be the case for polygenically controlled resistance (31) ; and (iv) a haploid pathogen where heterozygotes of intermediate sensitivity cannot exist (unlike for many invertebrate pest and weed species). However, these characteristics and circumstances are representative of many important combinations of pathogen species and MOA. In such cases, the findings reported here were consistent across a range of scenarios and suggest that the effective life of high-risk fungicides with differing MOA is likely to be maximized by applying them in a mixture.
